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PreviewsNotch signaling, in one case through
the regulation of the metalloprotease
ADAM10 in neuronal cells (Donmez
et al., 2010). However, although there
are potential caveats, because agonists
of SIRT1 could promote both develop-
ment of nonfunctional tumor vasculature
and reduction of mutant p53, SIRT1 acti-
vation does represent the most promising
approach to pursue for therapeutics
against tumorigenesis.
Certainly one of the most interesting
considerations regarding SIRT1-medi-
ated regulation of endothelial Notch is
the prospect that the authors have
discovered a link between vascular
growth and energy homeostasis. SIRT1
catalytic activity is dependent on NAD+,
and thus its activity is responsive to
changes in the metabolic and redox state
of the cell. Little is known regarding
cellular sensors responsible for coupling578 Developmental Cell 20, May 17, 2011 ª2energy and oxygen homeostasis to
angiogenesis. Could SIRT1 fine-tune
Notch-dependent control of sprouting
angiogenesis in response to caloric
restriction? Could this occur through the
generation of metabolites by endothelial
cells that affect NAD+ levels in response
to angiogenic factors, such as VEGF?
These questions will likely soon be ad-
dressed by new studies, and the answers
will no doubt have consequences for our
understanding of both vascular growth
and complex human diseases with
vascular components, such as diabetes
and obesity.REFERENCES
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An interplay between intrinsic polarity and extracellular cues guides neuronal migration during cerebellar
development. In this issue of Developmental Cell, Zhou et al. (2011) demonstrate that Numb is the focal point
in mediating the chemotactic response of migrating cerebellar granule cells to BDNF through its regulation of
cell polarity.The establishment of cell polarity is among
the most evolutionarily ancient of cellular
mechanisms—essential for basic pro-
cesses such as mitotic division, as well
as subsequent differentiation, in most
classes of eukaryote cells (Mellman and
Nelson, 2008; Yoo et al., 2010). Cell
polarity assumes particular importance
during the initiation and maintenance of
directed neuronal migration, as well as in
the proper initiation and formation ofaxons and dendrites of neurons in the
central nervous system (Barnes and Pol-
leux, 2009). This is perhaps most evident
during the development of laminated
mammalian structures such as the cere-
bral and cerebellar cortex, in which the
constituent neurons are not generated
locally, but rather assume their final posi-
tions by immigrating sequentially from
the distant place of their origin (Rakic,
1971; Rakic, 1988). Cerebellar granulecells in particular offer a unique example
of cell polarity in migration because of
trailing processes (composed of axonal
structures called parallel fibers) that
remain stable while the leading process
and nucleus migrate through the molec-
ular layer, past the Purkinje cell layer, and
into the internal granular cell layer (Rakic,
1971) (Figure 1). Over the past decade,
many molecules have been uncovered in
the regulation of the diverse processes of
Figure 1. Coordination of Cerebellar Granule Cell Migration by Numb
(A) Sagittal view of rodent brain. Arrow points to the developing cerebellar folia.
(B) Granule cells develop from mitotic external granular layer (EGL) progenitors. Wild-type granule cells leave a trailing process that becomes the parallel fibers,
while the leading process dives into the molecular layer. This leading process and cell body migrate in a saltatory fashion past the Purkinje cell layer (PCL) and the
cell body settles in the internal granular layer (IGL) and matures. Zhou et al. (2011) demonstrate that Numb is polarized in these migrating cells. Math1-Cre;
Numbfl/fl/Numblfl/fl mice display impaired migration and are stalled in the molecular layer (ML).
(C) BDNF gradient promotes granule cell chemotaxis through Numb and PKCz. BDNF binds TrkB receptor, stimulating its phosphorylation, which recruits Numb
and then PKCz; PKCz uses Numb as a scaffold protein. BDNF stimulates PKCz activation through phosphorylation at Thr410. This association causes phosphor-
ylation of Numb by PKCz. The receptor complex is endocytosed and coordinates Rac-mediated chemotaxis through signaling endosomes present asymmet-
rically in this pole of the cell. Ctx, cortex; Cb, cerebellum; BDNF, brain-derived neurotrophic factor.
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Previewscell polarity, cell adhesion, migration, and
differentiation in these structures. Several
of these molecules regulate seemingly
disparate sequential processes during
virtually every step of neuronal develop-
ment. For example, the transmembrane
receptor Notch—which is antagonized by
the endocytic adaptor protein Numb in
some contexts—acts at several steps to
maintain precursor cells, direct young
immature neuron in the proper direction
(Hashimoto-Torii et al., 2008), and regulate
dendritic morphology and plasticity (see
Ables et al., 2011 for review). It is obvious,
however, that we only have pieces of the
puzzle of neurogenesis and still lack a
complete understanding of how a com-
mon set of core pathways can integrate
extrinsic signals.
In this issue of Developmental Cell,
using the rodent cerebellum as a focalpoint, Zhou at al. (2011) show that
Numb links extracellular signals to internal
cell polarity regulation to put the cell
‘‘in gear’’ for neuronal movement in an
appropriate direction. Numb—discov-
ered originally in Drosophila as a cell fate
determinant—is an endocytic adaptor
protein whose precise function in neuro-
development has been difficult to pin
down due to the apparent lack of conser-
vation of its role in vertebrate neural stem
cells (see Pece et al., 2011 for review). For
example, in the mouse cerebral cortex,
loss of Numb and the redundant molecule
Numblike leads to loss of apico-basal
polarity and adhesion of radial precursors
during neurogenesis due to alterations
in cadherin trafficking, rather than due to
overt Notch-related cell fate transforma-
tions as observed in flies (Rasin et al.,
2007). However, Numb and NumblikeDevelopmental Celalso play roles in neuronal maturation
and crosstalk with other pathways in-
cluding those modulated by p53, Shh,
and PAR-family proteins (Pece et al.,
2011). Here, Zhou at al. (2011) show that
like Notch, Numb probably plays sequen-
tial roles in the neurogenic process.
Specifically, the authors demonstrate a
role for Numb in regulating the polarity
of migrating neurons in response to a
chemotactic cue, brain-derived neuro-
tropic factor (BDNF).
To ascertain the role of Numb/Numblike
in cerebellar histogenesis, the authors
used math1-Cre to conditionally ablate
both proteins in granule cells of double-
floxed mice. Granule cells are generated
from intermediate progenitors, which pro-
liferate in the cerebellar EGL (Figures 1A
and 1B), a transient developmental struc-
ture that disappears early in postnatall 20, May 17, 2011 ª2011 Elsevier Inc. 579
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Previewslife. The authors noted that conditional
mutants had a thicker EGL, potentially
due to increased proliferation, survival,
and/or impaired migration or differentia-
tion of progenitors. Using BrdU
birthdating and proliferation assays, as
well as granule cell differentiation markers
Zic1 and Pax6, the authors quickly
ascertained that the primary defect was a
migratory impairment (Figure 1B). Taking
cues from previous work on granule cell
migration, Zhou at al. (2011) determined
that the mutant cells were recalcitrant to
BDNF signaling when challenged with
a gradient of this growth factor.
BDNF predominantly signals through
the TrkB receptor during GCP migration.
Notably, the authors identified that the
intracellular tail of TrkB contains an
NPXY515 motif, which can interact with
the phophotyrosine-binding domain of
Numb. Furthermore, BDNF stimulation
promotes the interaction of Numb and
TrkB. More precisely, the authors demon-
strate that Numb and TrkB directly
interact using an in vitro binding assay
performed using recombinant species of
both proteins.
Directed migration requires polarization
of cells that is achieved partly through
directed intracellular trafficking and recy-
cling of membrane constituents. Zhou
and colleagues were able to show that
BDNF promoted Numb-dependent TrkB
internalization. Furthermore, TrkB polari-
zation in the front of granule cell precur-
sors is lost in conditional Numb/Numblike
mutants (Figure 1B). Conversely, Numb
polarization is lost in BDNF knockout580 Developmental Cell 20, May 17, 2011 ª2mice, suggesting a reciprocal relationship
in the polarization of TrkB and Numb
(Figure 1C).
The polarized localization of TrkB and
Numb suggested an association between
these proteins and the intracellular
polarity machinery. The authors were
able to show an interaction between
PKCz, a member of the aPKC family and
principal component of the polarity com-
plex, and Numb. Moreover, they demon-
strated that BDNF induced Numb to
recruit PKCz and stimulate its activity. A
chemical inhibitor of PKCz was able to
block the polarization of Numb and
TrkB, indicating that Numb and PKCz
form a feed-forward loop. Taken together,
the authors have provided evidence to
mechanistically link extrinsic signaling
and its control of cell polarity through
endocytosis with intracellular trafficking
of signaling molecules (Figure 1C).
The increasing complexity of the brain,
from insect to human, probably requires
increased repurposing of signaling path-
ways for the construction of progressively
more complex structures and circuitry.
This work by Zhou et al. (2011) is a prime
example of how signaling pathways can
mediate diverse cellular outcomes using
a limited set of molecular ‘‘players.’’
Furthermore, these findings perhaps give
insight into why it has been challenging to
interpret the phenotypes resulting from
Numb/Numblike mutations in forebrain
development, as the tissue level pheno-
type probably represents a combination
of defects. For example, the interactions
between the Par complex, aPKC, and011 Elsevier Inc.Numb may lead to some of the alterations
in radial glial morphology and polarity.
Furthermore, it will be interesting to
explorewhether immatureneuron-specific
Numb mutations alter the migration of
other neuronal and nonneuronal cell types.
In any case, these results taken together
with previous findings position Numb as
an endocytic mediator of a diverse set of
extrinsic cues and preclude an easy char-
acterizationof its function in neurogenesis.REFERENCES
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